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Abstract—This paper presents a measurement-based analysis
of both the specular- and dense multipath components (SMC
and DMC) at 94 GHz in an indoor environment. A total of 15
positions were measured with a virtual antenna array system,
from which we have calculated Power Delay Proﬁles (PDP).
A method was developed that allowed for the full-polarimetric
estimation of the specular propagation paths, after which the
remainder was regarded as the diffuse spectrum. The behavior
of the reverberation time, known from the theory of room
electromagnetics, was analyzed based on this diffuse spectrum.
Index Terms–Channel Modeling, Channel Sounding, 94 GHz,
mmWave, Polarization, SMC, DMC, Reverberation Time.
I. INTRODUCTION
Over the recent years, the W-band of the electromagnetic
spectrum, ranging from 75 GHz to 110 GHz, has received
considerable attention with the continuously-expanding de-
mand for higher data rates. Since the lower frequency bands
below 6 GHz are becoming heavily-utilized, new and unused
frequency bands are being investigated. The W-band offers
a license-free part of the spectrum to overcome these issues,
and is primarily used for satellite communications, millimeter-
wave radar, and tracking applications for body-centric and
short-range distances.
In October 2003, the Federal Communications Commission
(FCC) ruled that the frequency spectrum from 92 GHz to
95 GHz was to be made available for high-density ﬁxed wire-
less services, boosting scientiﬁc research around this topic.
Presently, only very few studies aim to investigate the indoor
propagation characteristics of this frequency band, of which
the ﬁrst narrow- and wideband results can be found in [1]
and [2], respectively. In [3], wideband measurement results are
presented over the entire W-band, but are limited to a distance
of less than 0.5 m. Therefore, this work aims to overcome
these gaps in the literature by presenting wideband propagation
characteristics of the 94 GHz band in an indoor environment,
with distances between transmitter and receiver up to 6 m.
The novelty of this work is that we present a method
which is capable of estimating the specular propagation paths
from polarimetric radio channel measurement data. We have
applied this method for the processing of channel sounding
measurement data in the 94 GHz band, leading to the ﬁrst
analysis of reverberation times in this frequency band ever,
known from the theory of room electromagnetics [4].
II. MEASUREMENTS
A. Measurement environment
The channel sounding measurements were carried out in a
laboratory of the Technical University of Cartagena, Spain. In
Figure 1, the measurement scenario is depicted, in which one
ﬁxed position acts as the receiver (marked as ULA1..5), whilst
the transmitter occupies various positions across this room (for
a total of 15 uniformly distributed positions, marked 1 to 15).
Figure 1: Measurement scenario.
The laboratory size is approximately 8×4.8×3.5 meters (see
also Figure 1), and it is furnished with several cupboards,
chairs, and tables on which numerous computers and electronic
devices stand. The walls are typical interior walls, made of
plasterboard, whilst the ﬂoor and ceiling are made of concrete.
B. Channel sounding procedure
In order to obtain the channel transfer function, a Vector
Network Analyzer (VNA) of type Rohde & Schwarz (R&S)
ZVA67 was used to measure the complex radio channel gain
(also known as the S21–scattering parameter) in the indoor
millimeter-wave (mmW) channel ranging from 92.5 GHz up to
95.5 GHz, representing the so called 94 GHz band (or mmW-
90 band, part of the W-band). At both ends of the measurement
system, a virtual antenna array was created by an automated
positioning system on which the antennas were mounted. This
virtual Multiple-Input Multiple-Output (MIMO) measurement
system consists of a 6× 6 Uniform Rectangular Array (URA)
at the transmitter and a 5 element Uniform Linear Array
(ULA) at the receiver. Both antennas were polarimetric omni-
directional, manufactured by Mi-Wave. At each position in
the laboratory, at least two polarization combination measure-
ments were performed, being either horizontal Tx and horizon-
tal Rx (denoted HH) or vertical Tx and vertical Rx (denoted
VV). Some positions also featured the full polarimetric radio
channel (HH, HV, VH and VV) between Tx and Rx.
The VNA then measured the complex gain between each
combination of transmit- and receive antennas in the virtual
array by sampling the 94 GHz band over Mf = 1024 uni-
formly spaced frequency points. Further information about this
channel sounding procedure can be found in [5].
III. EVALUATION
A. Propagation path detection
In order to detect a propagation path, we ﬁrst calculate the
Average Power Delay Proﬁle (APDP) from the measurement
data for each possible combination of polarizations XY by
performing an inverse discrete Fourier transform (IDFT) on
the original signal between each of the MT ×MR = [6× 6]×
5 = 180 separate Tx- and Rx antennas at a single measurement
position. We then average all PDPs to construct an APDP, in
order to reduce the inﬂuence of the small-scale fading. Since
we limit our search for propagation paths to that part of the
radio channel which is unaffected by noise, we only analyze
the APDP which is signiﬁcantly above the noise ﬂoor. We
therefore take the maximum value of the APDP at those time-
delays when all multipath components have been signiﬁcantly
attenuated so that only the sum of all noise sources remains,
and take an extra margin of 2 dB into account.
Since our measurement data consists of Npol = 2 or 4 dif-
ferent polarizations (remember that each measurement position
has both HH- and VV-polarizations, whilst some also have HV
and VH), we have enhanced the method in [6] in order to take
the APDP for each combination of polarizations into account.
This results in a joint estimation (w.r.t. polarization) of the
propagation paths, ensuring that we extract the same paths
over the different polarizations. The search for propagation
paths was done by ﬁnding the local maxima in the APDP, by
comparing the power of the APDP in each delay bin n with
a threshold function T (n). This function is basically the local
average value of the APDP in a sliding window around each
delay bin, and can be mathematically deﬁned as follows:
TXY (n) =

Δ
n+Δ/2∑
n−Δ/2
PXY (n), (1)
in which Δ is the length of a sliding window over the time-
delay, and  is an offset of 1 dB in order to overcome detecting
power peaks caused by noise or strong diffuse multipath. In
our work, we iterate over Δ values of 3, 7, and 11 delay
bins, corresponding with a spatial length of 0.2, 0.6 and 1 m
over which the threshold function is calculated, respectively. In
this work, we deﬁne a specular propagation paths as a distin-
guishable peak in the APDP, assumed to be originating from
a strong path between transmitter and receiver. These paths
are located at those time-delays which have a power greater
than the threshold value for each polarization combination
XY . They can thus be deﬁned by a time-delay value and
a corresponding power. Because measurements with different
polarizations were performed independently, the position of a
peak in the APDP could be detected in an adjacent delay bin
between e.g., the HH- and VV-data. That is, the polarization
of the antennas was changed 90 degrees from horizontal to
vertical, or vice versa, between each set of measurements,
which could lead to small displacements between the peaks
in the APDP of each polarization combination. In order to
overcome this issue, we took a margin of one delay bin
into account for the detection of a peak in the APDP of all
polarizations. More speciﬁcally, this means that for each peak
in one of p ∈ Npol different polarizations, we compared the
jointly-detected values with the original stored peak values for
each polarization.
After the detection of a certain number L of propagation
paths in the ﬁrst iteration over different Δ values of the sliding
window, we reconstruct the PDP PSMC,XY originating from
these L paths as performed in [6]. This reconstructed PDP is
then subtracted from the measurement data, after which the
remainder is again investigated for new paths. This was done
in order to possibly detect new paths that were previously
obscured by adjacent (stronger) ones. After executing this
method until there are no new paths found anymore, and doing
so for different Δ lengths of the sliding window, the remainder
of the APDP is regarded as the diffuse spectrum.
B. Diffuse spectrum modeling
The model for the diffuse spectrum PDMC,XY (τ) in Eq. (2)
is based on the observation that the APDP has a base time-
delay τd related to the distance between the transmitter and
receiver, together with an exponential decay over time-delay
caused by multiple reﬂections and scattering, corrupted with
Gaussian white noise. Note that we compute a separate diffuse
spectrum for each of the p ∈ Npol different polarizations, but
have dropped the sub-index XY for visual simplicity.
PDMC(τ) =
{
α1 e
(
− τ−τdτr
)
+ α0, if τ > τd
α0, otherwise.
(2)
The parameters α1, τd, τr and α0 were obtained by ﬁtting the
above model to the diffuse spectrum, obtained after removal of
the estimated propagations paths from our measurement data.
IV. RESULTS
A. Power delay proﬁles
By deﬁning pr,XY as the ratio between the power PXY of
the total measured APDP, to the power PSMC,XY attributable
to specular paths for each polarization combination XY ,
we can analyze how much power in the channel originates
from these specular propagation paths, and how much can be
attributed to diffuse powers.
From Figure 2, we can see that the specular co-polar (HH
and VV) path powers dominate the diffuse powers for small
Tx-Rx distances. This effect becomes slightly less noticeable
at larger Tx-Rx distances, where the ratio reduces from 90% to
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Figure 2: Power of propagation paths versus total power.
around 80%, on average. The inﬂuence of the specular cross-
polar (HV and VH) path powers is lower compared to the
diffuse powers, especially at increasing Tx-Rx distances. This
is presumably since these cross-polarized channels at large
Tx-Rx distance concern more de-polarized components in the
channel, and thus more reﬂected paths, leading to an increased
diffuse behavior since their peak values are more difﬁcult to
detect. The power of the co-polar specular components thus
dominates those of the diffuse components, as they represent
up to 80% and more of the total power in the channel.
B. Diffuse spectrum
The reverberation time was estimated from the APDP by
performing a regression analysis on the exponential power
decay of the diffuse spectrum, which was performed in a
dB-scale where this corresponds with a linear power decay.
The regression was carried out between the mean power delay
bin (the delay bin corresponding with the mean power value),
and the noise delay bin [7]. By taking the mean power delay
bin, we can reduce the inﬂuence of the strong line-of-sight
components. These are typically present earlier on in the time-
delay domain in the APDP, and might still be noticeable in the
part that is regarded as the diffuse spectrum. The reverberation
time as a function of distance is shown in Figure 3.
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Figure 3: Reverberation time.
From Figure 3, we can state that the reverberation time
is lower for the co-polarized channels than for the cross-
polarized channels, indicating a slower power decay for the
diffuse spectrum of the latter. This hints towards more path
loss for the cross-polarizations than for the co-polarizations,
since the former also include the leakage of polarization due to
antenna mismatching and scattering in the environment. The
reverberation time for the HH-polarized channel is also no-
ticeably lower than for the VV-polarized channel. This would
suggest that more transmitted H-polarized waves penetrate the
walls, with less H-polarized reﬂections back into the room. On
the contrary, more transmitted V-polarized waves scatter back
into the room with the same polarization. This effect can be
identiﬁed especially for smaller transmitter-receiver distances.
Our results also show that there is no uniform distribution of
power across the room, since the reverberation time depends
on the distance between transmitter and receiver. This was
validated by calculating the correlation coefﬁcients between
the Tx-Rx distances and the corresponding reverberation
times, which were -0.57, -0.96, -0.98 and -0.73 for the HH-
, HV-, VH-, and VV-polarizations, respectively. The p-values
associated with these coefﬁcients were lower than 0.05.
V. CONCLUSION
This work presents a method which enables the full-
polarimetric estimation of specular propagation paths from
Multiple-Input Multiple-Output measurement data. It separates
the data into specular- and dense multipath components (SMC
and DMC). This method was then applied in an indoor
environment at 94 GHz by performing a frequency-domain
channel sounding procedure. Our results suggests that the
theory of room electromagnetics is not applicable at 94 GHz
for this environment, since the contribution of SMC dominates
the total power in the channel. Next to that, the reverberation
time was found to be heavily dependent on transmitter-receiver
distance, indicating that the necessary condition of a rich
scattering environment was not met.
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